Objective: To determine the morphology and hemodynamic characteristics of the arterial vessels of the proximal femur according to specific anatomic regions in asymptomatic neonates in 2 pediatric-based health care institutions. Methods: Forty-three neonates (29 female, 14 male; age range, 2 de3 mo; median age, 3 d) were enrolled in the study. Thirty-two (37%) of 86 hips were classified as Graf type IIA joints (mean alpha angle, 56.0 AE 2.7 ), and 54 (63%) were classified as type I joints (mean alpha angle, 65.0 AE 4.6 ). Results: Colour and spectral Doppler imaging identified vessels running along the acetabular labrum, epiphyseal vessels, and femoral neck. We showed 4 different patterns of vascularity of the hips: radial, parallel, mixed radialeparallel, and indeterminate, however, they were not related to the hip maturity (P ¼ .3, coronal plane; P ¼ .62, transverse plane) or to the amount of colour pixels identified in each region (P ¼ .35). The mean number of pixels in the ligamentum teres region was significantly higher than that in other regions of interest (P ¼ .03). Except for the acetabular labrum arteries, Doppler spectrum waveforms of proximal femur arteries presented with low resistivity. There was a tendency towards females' acetabular arteries presenting with lower peak systolic velocities than males' acetabular arteries (P ¼ .06). Conclusions: Colour Doppler spectrum waveforms and intensity of vascularity in normal neonatal hips differ according to the anatomic region under evaluation. This observation deserves further investigation on its role on the physiopathogenesis of neonatal hip disorders.
Developmental dysplasia of the hip (DDH) affects both the development and the morphology of the femoral head and acetabulum. However, it is primarily a disease of the acetabulum, which develops abnormally [1] . If left untreated, the acetabulum becomes dysplastic, which may result in subluxation or dislocation of the femoral head. Decreased flow to the neonatal femoral head may damage the epiphyseal and physeal cartilages and the secondary ossification center, causing abnormal epiphyseal ossification and deformities of the ossification center, and arresting growth [2] . Inappropriate treatment with excessive abduction of the hip also may produce local ischemia in the femoral head, causing delayed ossification of the growing neonatal proximal femur [3, 4] .
Detailed assessment of the anatomy and hemodynamics of the vascularity of the normal neonatal hip is essential for further understanding of the ethiopathogenesis of delayed ossification of the femoral head or acetabular deficiency in DDH, and to define potential imaging predictors for infant hips at risk of ischemia. Gray-scale ultrasound is the standard reference method for its diagnosis in the neonate [5] . Although the arterial system of the normal growing femoral head has been shown previously in angiographic studies by Theron [6] , it has been poorly described with noninvasive studies such as Doppler ultrasound.
Previous reports of arterial waveforms in the femoral epiphyses of healthy neonates showed the ability of power Doppler sonography to detect vessels with low-velocity flow [7, 8] , and to show hemodynamic changes in neonates and infants at risk of DDH [9] . Despite the reported higher sensitivity of power Doppler to identify slow-flow vessels compared with colour Doppler in normal tissue [10, 11] , previous studies showed a comparable accuracy of colour and power Doppler techniques to differentiate normal and abnormal vascularity [12] . In neonates, motion artifacts from power Doppler imaging increase the false-positive rate of findings, favoring the use of colour Doppler assessment for clinical evaluation of neonatal hips [7] .
We investigated the morphology and hemodynamics of the vasculature of asymptomatic hips with regard to specific anatomic regions of the proximal femur. The purpose of our study was to assess the vascularity of the normal neonatal proximal femur, both qualitatively (morphologic pattern) and quantitatively (number of pixels per region of interest [ROI]), and to delineate the hemodynamic characteristics of the arterial vessels in different regions of the neonatal hip.
Materials and Methods
This study was approved by the research ethics board of our institution. All patients' parents gave written informed consent for the participation of their babies in this study.
We prospectively recruited asymptomatic neonates from our newborn nursery department and from our outpatient clinic between August 2004 and May 2005. To be included in the study, neonates had to have a normal clinical hip examination, no risk factors for DDH, and be 3 months of age or younger. All potential participants had to have been evaluated clinically by a neonatologist sometime from the first day to 3 months of life to ensure that they did not have any known medical disease or any concern in the clinical evaluation of the hip stability. We excluded participants who had a previous family history of DDH; bone abnormalities; associated systemic, congenital, or developmental diseases; or abnormal results during a clinical examination of the hip joint at birth or during gray-scale sonographic examination.
We performed a single gray-scale and colour Doppler sonography study for each participant. With gray-scale ultrasound, we evaluated whether the femoral head was located congruently within the acetabulum and its maturity was normal for the participant's age. With colour Doppler ultrasound, we assessed the vascularity of the proximal femur, both qualitatively and quantitatively. With spectral Doppler ultrasound, we characterized the hemodynamics of the arterial branches in different anatomic regions of the hip. We evaluated the hip vascularity in different anatomic regions of the femoral head and acetabulum, including the cartilaginous labrum, femoral head, and subtrochanteric region ( Figure 1 ).
Image Acquisition
We used an ATL ultrasound scanner (Advanced Technology Laboratories, Bothell, WA) with a 5-MHz, lineararray probe with frequencies ranging between 5 and 8 MHz to evaluate all hips. We started the examination by scanning the left hip with gray-scale imaging to ascertain that the position and morphology of the femoral head was normal.
Coronal and transverse scans were obtained according to the standard guidelines provided by the American College of Radiology [13] .
Gray-Scale Imaging
The depth and gain on gray-scale ultrasound were adjusted to the participants' biotype. Alpha and beta angles on grayscale [5, 12] ultrasound were recorded for all participants. Abnormal results during gray-scale sonographic examination were used to exclude participants from the study.
Colour Doppler Ultrasound
Colour Doppler imaging parameters were standardized for this study. We used a low-filter, 700-Hz, pulsed repetition frequency, 80% intensity, and an average 1-cm 2 colour box, which was adjusted to the individual size of each participant's femoral head. Doppler spectral analysis was performed for each ROI. We recorded the resistive index (RI) of the vessels seen in each ROI. The coronal plane was used in all instances to record the arterial waveforms. For data acquisition, we used a SONY VGNFJ170 (Sony Corporation of America, New York City, NY) screen, with resolution of 1,280 Â 768.
All images were captured electronically with a digital image-processing unit and were saved in a tagged image file format (or TIFF). Images were transferred to a Sony VAIO computer (LCD Technology; Sony Corporation of America).
Image Analysis
The images were analysed with Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA) proprietary software, as previously described [11] . The mean pixel intensity is defined as the average count of the number of colour pixels (smallest piece showing colour intensity on colour Doppler ultrasound) within a given ROI. For data analysis (mean pixel intensity calculation) we used an hp p920 19-inch cathode-ray tube (CRT) screen (COMPAQ, Santa Monica, CA) (resolution, 1,024 Â 768; highest colour, 32-bit).
Gray-Scale Imaging
Graf's [5, 12] scoring system was used to determine that the femoral head was located congruently within the acetabulum before assessment with colour Doppler. According to this scoring system, type I represents a mature hip with an alpha angle greater than 60 and type IIA represents a physiologically immature hip with an alpha angle ranging between 50 and 59 .
Colour Doppler Ultrasound
The qualitative assessment of the vascularity of the femoral head and bony and cartilaginous acetabula involved the evaluation of 4 ROIs: the acetabular labrum, greater trochanter, proximal epiphysis, and ligamentum teres ( Figure  1 ). Each ROI was evaluated in a colour box set at a maximum of 2 Â 2 cm. We assessed the presence or absence of colour pixels in these anatomic regions and the visual distribution of the colour pixels displayed in the ROIs. The qualitative analysis of the proximal femoral vascularity was performed by 2 operators (C.L.O.-N. and E.L.) who independently interpreted the data. Disagreements were resolved by consensus; if no agreement was reached, a third arbiter (A.D.) was used to break the tie.
The quantitative assessment of the proximal femoral vascularity was performed on coronal images from a count of the number of colour pixels in each ROI. The ROIs were analysed by a single operator, according to pre-established anatomic landmarks. Four ROIs were assessed: the acetabular labrum (Figure 1 We compared the presence or absence of colour pixels among the different ROIs by using the Fisher exact test and the mean pixel intensity in different ROIs by using analysis of variance. The association between vascularity Doppler patterns and maturity of hips (mature: alpha angle, !60 ; immature: alpha angle range, 50 e59 ) was analysed with the Fisher exact test. Differences in values of RIs, peak systolic velocity, or peak diastolic velocity were evaluated according to the patients' sex by using generalized estimation equations. Alpha and beta angles were reported as means AE standard deviation.
For a beta value of 0.2 (power, 80%) and an alpha value of 0.05 (2-tailed test) we would need to recruit at least 43 neonates to be able to detect a 30% difference between 2 different vascular patterns (1 ROI vs other ROIs). The formula of comparison of 2 proportions is as follows: N ¼ [14] .
Results
We enrolled 43 asymptomatic neonates (29 females [67%], 14 males [33%]) in our study: 24 (56%) from our newborn nursery department and 19 (44%) patients from the outpatient clinic. The participants ranged in age from 2 days to 3 months (median, 3 d).
Gray-Scale Ultrasound
Thirty-two (37%) of 86 hips were classified as Graf type IIA joints (mean alpha angle, 56.0 AE 2.7 ; mean beta angle, 55.0 AE 14.3 ) and 54 (63%) were classified as type I joints (mean alpha angle, 65.0 AE 4.6 ; mean beta angle, 47.0 AE 5.1 ) ( Table 1) .
Colour Doppler Ultrasound

Qualitative Assessment
Four different patterns of distribution of colour Doppler pixels within the proximal femoral epiphyses were identified on the available sonograms: radial ( Figure 2 ), parallel, mixed radialeparallel, and indeterminate. No significant difference in the distribution of colour pixels among the different ROIs was noted (Table 2) (P ¼ .35, Fisher exact test). The artery of the ligamentum teres ( Figure 3 ) was seen on colour Doppler ultrasound in only 2 participants (N ¼ 4 hips) (1 and 2 days old); it could not be evaluated in participants older than 1 month.
No significant differences between the vascularity Doppler pattern (radial, parallel, mixed radialeparallel, or indeterminate) and the maturity (mature or immature) of the hips were identified (P ¼ .3, coronal plane; P ¼ .62, transverse plane; Fisher exact test) ( Table 3) . Table 2 summarizes the mean pixel intensity counted in different ROIs. Despite the discrepancy in the number of joints in which colour Doppler pixels could be identified in different ROIs (ligamentum teres, N ¼ 11 hips; acetabular artery, N ¼ 54 hips; greater trochanter, N ¼ 58 hips; and proximal epiphysis, N ¼ 45 hips), the mean number of pixels in the ligamentum teres region was significantly higher than that in other ROIs (P ¼ .03, analysis of variance). Specifically, the mean pixel intensity counted in the region of the ligamentum teres was greater than the intensity counted in the region of the acetabular artery (P ¼ .03), greater trochanter (P ¼ .03), and proximal epiphysis (P ¼ .004) (group differences by contrast analysis). The ligamentous teres artery colour pixels were identified mainly in very young neonates (median, 4 AE 25 d).
Quantitative Assessment
Doppler Spectral Analysis
Doppler spectral analysis (Table 4 ) showed low resistivity in the vessels at the greater trochanter (Figure 4 ), proximal epiphysis ( Figure 5 ), and ligamentum teres arteries ( Figure  6 ). The vascularity at the acetabular labrum region had a high-resistance pattern (Figure 7) . The artery of the ligamentum teres had a low-resistance pattern ( Figure 6 ). In a few cases, the accompanying vein was visible. The mean RIs for each ROI are summarized in Table 4 . No significant differences in the RIs for each sex in each area were noted (acetabular labrum, P ¼ .75; greater trochanter, P ¼ .47; epiphysis, P ¼ .22; and ligamentous teres, insufficient data).
Female acetabular arteries tended to have lower peak systolic velocities (3.9 AE 1.1) than male acetabular arteries (8.2 AE 1.9) (P ¼ .06, generalized estimation equation).
Discussion
Our study characterized the distribution of colour Doppler pixels in the different anatomic regions of the normal neonatal hip, detailing its morphology and hemodynamics. We showed 4 different patterns of vascularity of the hips: radial, parallel, mixed radialeparallel, and indeterminate, which we found are not related to the maturity of the hips as determined by gray-scale ultrasound alpha angles. We hypothesized that these colour Doppler patterns could reflect anatomic variation. We also showed that waveforms of proximal femur arteries, except for those of the acetabular labrum, have low resistivity and that female acetabular arteries tended to have lower peak systolic velocities than male acetabular arteries.
We illustrated the distribution of colour signals displayed in 4 different anatomic regions. Although no differences in vascularity Doppler pattern were noted (qualitative assessment), the mean number of pixels in the ligamentum teres region was significantly higher than that in other ROIs (quantitative assessment). Although in most of the analysed cases no pixels could be identified in the ligamentum teres region, when pixels were depicted, the mean pixel intensity in this region was higher than in other regions of the hip.
In the region of the cartilaginous labrum the colour pixels most likely represented the labral artery (Figure 7) . The colour signals lying in the femoral neck were depicted as 3 different branches arising from the lateral cervical ascending artery and had a trident appearance (Figure 8 ). The colour signals that likely represented the epiphyseal arteries ( Figure  10 ) were at the end of this trident region. In the region of the triradiate cartilage the colour signals represented branches of the ligamentum teres artery.
Experimental studies in piglets [3] used contrastenhanced power Doppler sonography to detect early ischemia of the capital femoral epiphysis induced by hip hyperabduction in piglets and to correlate these findings with angiography. Clinical studies previously examined the neonatal femoral head with gray-scale [15] , power Doppler [7e9, 16] , and gadolinium-enhanced magnetic resonance [17] . Other clinical studies also evaluated the normal adult hips with colour Doppler sonography [18] . Few studies, however, have examined the vascularity of the neonatal femoral head with colour Doppler ultrasound, a technique that is extremely helpful in the neonatal period given its lower potential for generation of motion artifacts compared with power Doppler ultrasound. Tschammle et al advocate that the diagnostic impact for power Doppler to display a larger number of colour signals in a given ROI is low given the increased risk of false-positive results that arises from patients' motion [19] . This is particularly true for neonates when no specific apparatus to minimize motion is applied during imaging acquisition. This was the rationale for the use of colour rather than power Doppler in this study. As previously shown (Bearcroft et al [16] , Schwartz et al [7] ), the spectral waveforms of the circumflex arteries of the hips differ. Although the medial circumflex artery Doppler waveforms resemble a low-resistance vascular bed with a high diastolic flow, the proximity of the superior gluteal artery to the lateral circumflex artery results in high-resistance spectral waveforms in the latter artery. Amodio et al [9] previously showed that female infants had a significantly higher average RI than male infants with the same alpha angle (n ¼ 60 asymptomatic and 13 symptomatic hips of neonates <3 mo). In our study (n ¼ 86 asymptomatic hips), however, no such difference in RIs for each sex was noted; however, female acetabular arteries tended to have lower peak systolic velocities than male acetabular arteries. We hypothesized that a relationship between sex and the hemodynamics of hip vessels may become evident when the vascularity of the hip is abnormal. Further investigation is required to elucidate potential vascular-related physiopathogenic factors for the higher incidence of DDH in females [20, 21] .
Despite the relatively wide age range of the patients included in the study, alpha angle type IIA hips were noted only in neonates younger than 6 weeks old.
Epiphyseal Vascularity
Epiphyseal vascularity branches from the medial circumflex artery and runs along the greater trochanter at the intertrochanteric notch [22] . In the epiphyses, the vessels run in vascular channels, as previously described [23e25].
Because these small branches run in ossified channels, it is not always possible to see all of them with colour Doppler ultrasound [16] . The ability of colour Doppler ultrasound to depict these vessels in different regions is affected by the degree of ossification of these channels. In our study, examination of the cartilaginous femoral head revealed different vascularity patterns that were radial, parallel, indeterminate, absent, or mixed. However, these different patterns seemed to be related only to the plane in which the transducer was placed relative to the axis of the hip joint. The parallel pattern of the epiphyseal vessels in the transverse plane correlated with a radial pattern in the coronal plane. It is likely that the radial pattern seen in the coronal images would appear parallel in the Figure 11 . Drawing summarizing 4 ROIs studied. ROI 1, the artery running along the acetabular labrum; ROI 2, the lateral cervical ascending artery; ROI 3, the epiphyseal vessels; and ROI 4, the artery of the ligamentum teres. transverse view. In our study we also identified indeterminate and mixed patterns in both transverse and coronal planes. Therefore, the distribution of the vessels within the cartilaginous epiphyses may represent normal variants.
The different vascularity patterns of the epiphyses found in this study were unrelated to sex or side of hip, and most likely were associated with the scanned plane used. We found all the vascularity types that were described previously in magnetic resonance images [17] in normal type I and II hips.
Labral Acetabular Region
In our study, colour pixels in the labral acetabular region ran along the cartilaginous labrum and the artery running along it typically was accompanied by a vein. The reason this arterial branch was the only vessel in the hip with a highresistance pattern (Figures 7 and 9 ) most likely is related to its proximity to the superior gluteal artery that is proximal to it [6, 7] . The remainder of the proximal femur vessels had low resistivity, likely because of their origin in the medial circumflex artery.
Triradiate Cartilage Region
The vessels in the triradiate cartilage region that we noted adjacent to the ligamentum teres typically were visualized running along the triradiate cartilage towards the fovea of the femur. At birth, the entire proximal femoral chondroepiphysis receives a bipartite circulation and additional vascularity from the artery of the ligamentum teres [25] . The artery of the ligamentum teres is located deep in the acetabular fossa, arising in 54% of patients from the obturator artery [26] . In our study colour pixels were depicted in the ligamentous teres region in 4 hips qualitatively, and in 11 hips quantitatively. The fact that it is a small-size vessel and is located deep in the acetabular fossa may have accounted for the absence of depicted colour pixels in most of the patients. We hypothesized that its significantly higher blood flow was the result of the temporary patency of the ligamentous teres artery during the first days of life.
Greater Trochanter Vascularity
The lateral ascending cervical artery (Figure 4) is a branch of the medial circumflex artery that runs in the subtrochanteric area. As soon as this branch leaves the greater trochanter and femoral neck at the intertrochanteric notch, we found that it branches into 3 arteries, forming the trident sign ( Figure 8 ), and the terminal arteries end in the epiphyseal vessels ( Figure 10 ) that run in the cartilaginous epiphyses.
Our study had some limitations. First, we lacked a standard reference measure to compare our results according to the anatomic location of corresponding arteries. With colour Doppler ultrasound, we were able to identify the location of the vascular structures by assuming that their origin corresponded with the colour pixels. Second, we lacked further clinical or laboratory examinations to confirm the definite absence of associated abnormalities of musculoskeletal development. Nevertheless, the results of all our participants' physical examinations at birth were normal, the results of their gray-scale ultrasounds showed normal morphology, and all had normal Graf angle measurements. Third, our study was technically limited because support devices were not used to immobilize participants during the acquisition of the images, and harmonic or colour-flow directional techniques were not used during the protocol. Finally, further investigation into the effect of stress maneuvers on hemodynamic parameters of normal hip vessels is required.
In conclusion, recognizing the normal Doppler pattern of the vascularity of the proximal femur is essential to the determination of early morphologic and hemodynamic changes in vascularity for ischemic diseases such as DDH.
In this study, we showed colour Doppler pixels in different anatomic regions of the normal neonatal hip, and different Doppler spectrum waveforms and RIs that depend on the anatomic region in which the vessels run through ( Figure 11 ). Detailed assessment of the anatomy and hemodynamics of the vascularity of the normal neonatal hip may enable further investigation of causes for delayed ossification of the femoral head or acetabular deficiency. This assessment may open new avenues for investigational research on the etiopathogenesis of DDH, a developmental anomaly that likely is vascular-related.
